We report on integrated erbium-doped waveguide lasers designed for silicon photonic systems. The distributed Bragg reflector laser cavities consist of silicon nitride waveguide and grating features defined by wafer-scale immersion lithography and a top erbium-doped aluminum oxide layer deposited as the final step in the fabrication process. The resulting inverted ridge waveguide yields high optical intensity overlap with the active medium for both the 0.98 μm pump (89%) and 1.5 μm laser (87%) wavelengths with a pump-laser intensity overlap of >93%. We obtain output powers of up to 5 mW and show lasing at widely spaced wavelengths within both the C and L bands of the erbium gain spectrum (1536, 1561, and 1596 nm [7, 8] , both of which are difficult to incorporate within standard waferscale silicon photonics process flows. A preferable approach would be to define laser cavities using standard complementary metal-oxide-semiconductor (CMOS) processing techniques while reducing unnecessary fabrication steps on the erbium-doped layer. Alternatively, silicon nitride (SiN x ) is a low-loss, frontend of line, CMOS compatible material [9] that can be used in the formation of high-resolution photonic features, including waveguides, gratings, and even laser cavities. An erbium-doped glass layer can then be deposited as a backend process step without further etching or processing required. This approach enables large-scale production of erbium-doped waveguide lasers and integration with silicon nitride passive components on silicon photonic chips.
Integrated lasers in a silicon photonics platform have been intensively researched because silicon itself is a poor light emitter [1] . Several methods have been applied to realize integrated lasers, including germanium-onsilicon heterojunctions [2] , hybrid integration with III-V semiconductor materials [3] , stimulated Raman scattering [4] , and erbium-doped glass on silicon [5] . Of these approaches, only erbium-doped glass lasers have the advantage of a straightforward, monolithic fabrication process while yielding high-performance narrow-linewidth lasers. In particular, erbium-doped aluminum oxide (Al 2 O 3 :Er 3 ) has been cosputtered onto oxidized silicon wafers with relatively low loss and a broad gain spectrum [6] , resulting in racetrack [7] and ultranarrow-linewidth distributed feedback lasers [8] . However, to define the laser waveguide and cavity, previous works used interference lithography [8] and etching of the gain material [7, 8] , both of which are difficult to incorporate within standard waferscale silicon photonics process flows. A preferable approach would be to define laser cavities using standard complementary metal-oxide-semiconductor (CMOS) processing techniques while reducing unnecessary fabrication steps on the erbium-doped layer.
Alternatively, silicon nitride (SiN x ) is a low-loss, frontend of line, CMOS compatible material [9] that can be used in the formation of high-resolution photonic features, including waveguides, gratings, and even laser cavities. An erbium-doped glass layer can then be deposited as a backend process step without further etching or processing required. This approach enables large-scale production of erbium-doped waveguide lasers and integration with silicon nitride passive components on silicon photonic chips.
In The intensity distribution of the fundamental transverse-electrical (TE) mode tends to be more confined in the high-index material, especially for shorter wavelengths. This trend is contrary to the design approach for an efficient erbium-doped laser waveguide, where high confinement in the active material and high intensity overlap between the pump (∼980 nm) and signal (∼1550 nm) modes are preferred. Furthermore, any additional optical intensity localized in the SiN x waveguide may introduce detrimental intracavity losses from scattering and the intrinsic absorption of the material. To overcome this, our waveguide design includes a layer of SiO 2 (t 0.1 μm, n 1.44) between the SiN x waveguide (t 0.1 μm, w 4.0 μm) and the Al 2 O 3 :Er 3 film (t 1.4 μm), as shown in Fig. 1 1550 nm (signal s), respectively. If we define the intensity confinement factor (γ s∕p ) and intensity overlap (Γ sp ) by the following,
then we obtain γ s 87%, γ p 89%, and Γ sp 93%. Note that the integration of the mode intensity is approximated by the summation over discrete space coordinates i and j. Thus our waveguide design yields high-intensity confinement factors in the active medium and is highly wavelength insensitive, permitting either resonant pumping around 1480 nm or pumping near 980 nm, where Yb codoping can be advantageous [10] . The silicon-based integrated laser cavities were fabricated within a 300 mm line in a standard CMOS foundry. A 6 μm-thick plasma-enhanced chemical vapor deposition (PECVD) SiO 2 layer was grown, followed by deposition of a 0.1 μm-thick PECVD SiN x layer. Both PECVD layers were chemically mechanically polished (CMPed) to reduce losses due to surface roughness. The silicon nitride layer was subsequently annealed at 1050°C for 72 min to reduce absorption due to Si─H and N─H bonds around 1.52 μm [9] . The nitride layer was then patterned using 193 nm immersion lithography and reactive ion etching. After patterning, a PECVD SiO 2 layer was deposited and CMPed to a final height of 0.1 μm above the silicon nitride layer. Trenches for dicing and fiber end coupling were then etched into the edges of the dies by deep oxide and silicon etching. Finally, the wafers were transferred from the CMOS foundry, diced into individual dies, and an Al 2 O 3 :Er 3 layer was deposited by reactive cosputtering using a process similar to that reported in [11] . Using the prism coupling method to measure the planar losses around 1550 nm [6, 12] , we determine the background loss and dopant concentration in the Al 2 O 3 :Er 3 film to be < 0.1 dB∕cm and 1.4 × 10 20 cm −3 , respectively. The DBR resonator consists of a straight waveguide of length L gain 20 mm and width w 4.0 μm confined by two reflection gratings, as shown in Fig. 2(a) . The gratings are formed by waveguides of length d 1.5 mm with periodically notched sidewalls having notch widths of s 1 at one end and s 2 at the other end. s 1 is fixed at 1.29 μm for a reflectivity of ∼100% and s 2 is varied from 418 to 796 nm to achieve a reflectivity of 85% to 99.6%. Figure 2(b) shows the calculated reflectivity of the grating with respect to variation of the sidewall etch by coupled mode theory [13] and an SEM image of one of the right-side gratings. Furthermore, the grating period, Λ, is varied among lengths of 478, 487, and 498 nm, which correspond to Bragg wavelengths of 1536, 1561, and 1596 nm, respectively. Figure 3 shows the experimental setup used to measure the lasers. Pump light from 978 and 975 nm laser diodes is coupled into the chip on each side using fiber 980∕1550 nm wavelength division multiplexers (WDMs), respectively. The laser output is collected from the 1550 nm port of the WDM and the power is measured using a powermeter while the spectrum is recorded by an optical spectrum analyzer (OSA).
By insertion loss measurements, we estimated coupling losses at each facet of the chip of − 5.6 and − 7.3 dB for 980 and 1550 nm TE-polarized light, respectively. Using the measured facet loss, we determine launched pump powers of 147 and 98 mW from 978 and 975 nm diodes, respectively. The maximum output power is obtained from the DBR laser with center wavelength at 1561 nm and reflectivities of R 1 100% and R 2 95%. To characterize the laser performance, we plot the output power at different pump powers, as shown in Fig. 4 . We start by pumping from the 978 nm diode (left) only. When the diode reaches the maximum pump power, we turn on the pump from the 975 nm diode (right). We obtain maximum on-chip output power of P max 5.1 mW with a lasing threshold of P th 44 mW. This corresponds to a slope efficiency of η 2.6%.
In addition, we obtain maximum output powers for DBRs with different grating periods of P max 2.5 mW (λ c 1536 nm) and P max 0.5 mW (λ c 1596 nm). These outputs are obtained from cavities with reflectivity of R 2 86% (λ c 1536 nm) and R 2 95% (λ c 1596 nm), respectively. The difference in the optimum reflectivity for the DBR cavities can be attributed to the difference in the gain threshold and maximum small signal gain at different wavelengths. Figure 5 shows the spectra of three different lasers recorded by the OSA. The laser emission at 1596 nm is a consequence of low grating scattering loss, low background losses in the Al 2 O 3 :Er 3 film, and the wide gain spectrum of Al 2 O 3 :Er 3 [6] . We note that the DBR laser spectra lie within two important communication bands, the C band and the L band. By simply modifying the period of the gratings in the silicon nitride layer, it is feasible to fabricate arrays of lasers spanning both communication bands.
In summary, we have demonstrated integrated erbiumdoped aluminum oxide lasers with DBR cavities defined in SiN x layers. The laser cavity design was defined using 193 nm immersion lithography within a standard CMOS foundry and the novel inverted ridge waveguide design enabled the erbium-doped aluminum oxide layer to be deposited as a final backend-processing step. The waveguide structure is designed to have high confinement factor in the active medium for both the 980 nm pump wavelength (89%) and the 1550 nm laser emission wavelength (87%), with intensity overlap of >93%. Maximum output power of 2.5, 5.1, and 0.5 mW are obtained from DBR cavities at center wavelength at 1536, 1561, and 1596 nm, respectively. These laser wavelengths lie within both the C and L bands of the erbium gain spectrum. The main advantage of this approach lies in the robust, highresolution, and wafer-scale silicon nitride structuring and backend deposition of the erbium-doped aluminum oxide layer. More complex structures, such as DFB Bragg cavities can be directly patterned in the SiN x layer. Furthermore, these structures can be mass produced and integrated with other silicon photonic devices in a standard CMOS foundry. 
